Introduction {#cow036s1}
============

Shallow estuarine habitats provide safe nursery conditions for many elasmobranchs by offering protection from larger predator species and abundant resources for growth and development ([@cow036C2]; [@cow036C3]; [@cow036C21]). However, these estuarine environments are subject to large fluctuations in abiotic factors, leaving these animals vulnerable to a variety of stressors. Rainfall events, for example, can potentially decrease salinity, creating a hyposmotic environment. Average rainfall events are not likely to elicit large decreases in salinity; however, heavy rainfall associated with extreme weather events can severely dilute estuaries over short periods of time (i.e. hours), and rapid and dramatic changes in the local environment directly impact elasmobranch behaviour ([@cow036C20]; [@cow036C41]). Recent climate change predictions suggest that the number of extreme weather events is on the rise (IPCC, 2013), potentially increasing the frequency and severity of hyposmotic stress events for juvenile sharks residing in estuaries.

Changes in salinity are problematic for most marine shark species because they are osmoconformers ([@cow036C35]), but species-specific tolerances to salinity change are not well studied. Elasmobranchs typically use urea and trimethylamine *N*-oxide (TMAO) to regulate osmolality, and it is well documented that a loss of one or both osmolytes occurs during exposure to hyposmotic environments ([@cow036C34]; [@cow036C12]; [@cow036C10]; [@cow036C18]; [@cow036C27]). TMAO is not only an important osmolyte, it also acts as a chemical chaperone and helps to protect against protein damage ([@cow036C50]). Therefore, during a hyposmotic event and a loss of TMAO and subsequent change in the urea-to-TMAO ratio, there is potential for increased protein damage and cellular stress. To counteract this loss in chemical chaperoning, heat shock proteins (HSPs), the highly conserved and ubiquitous molecular chaperones ([@cow036C14]), help to protect against protein aggregation and misfolding during hyposmotic stress, but at an increased energetic cost ([@cow036C25]). Indeed, in response to a 30% decrease in salinity, spiny dogfish sharks (*Squalus acanthias*) lost TMAO from their gills, showed signs of protein damage in this tissue and significantly induced gill HSP70 protein ([@cow036C27]). The ability of some species of sharks to protect against cellular stress from hyposmotic environments could allow them to remain in the estuarine environment and avoid predation in deeper water.

The Pittwater Estuary, part of a designated shark refuge area, located in southeast Tasmania, Australia, exhibits large changes in salinity with freshwater input from the Coal River and seawater influx from the adjoining Frederick Henry Bay. The salinity normally varies between 34 and 37 ppt during the summer months, but during a wet summer the salinity can drop to \~25.5--28 ppt as a result of rainfall ([@cow036C37]). To illustrate, in 2013, there were seven hyposmotic events when the salinity was below 28 ppt for 48 h or more (Marine Culture Pty. Ltd; measured at \~30 cm below the surface). Salinity is a significant driver of movement and distribution of inshore sharks and rays (see [@cow036C33] and [@cow036C51] for review), and population studies in the Pittwater Estuary show that the number of young of the year sharks (0+) declines during wet summers, suggesting that salinities in this range may be physiologically challenging, leading them to move out of the nursery grounds into deeper water ([@cow036C37]). The Pittwater Estuary is considered a communal estuary and is populated by a variety of shark species, including the school shark (*Galeorhinus galeus*), listed as 'conservation-dependent' by the Australian Environmental Protection and Biodiversity Conservation Act, and the gummy shark (*Mustelus antarcticus*). It is unknown how either species responds to ecologically relevant periods of acute, low salinity. It is possible that any differences in physiological tolerance to low salinity may be involved in driving species-specific use of the estuary.

Given that shark nurseries will experience regular bouts of low salinity, we were interested in determining the physiological response to hyposmotic exposure in juvenile school and gummy sharks following an acute drop in salinity, mimicking a rainfall event. We hypothesized physiological changes in both species in response to an ecologically relevant hyposmotic exposure that may influence potential species-specific movement out of the estuary during hyposmotic events. We predicted that both species would show increased signs of cellular stress, protein damage and an inability to maintain metabolic homeostasis. Understanding the physiological responses to salinity change in these juvenile sharks could allow us to estimate the effects of more frequent heavy rainfall events on the population structure of this estuary and may be important for the recovery of the school shark population.

Materials and methods {#cow036s2}
=====================

Animal collection and care {#cow036s2a}
--------------------------

Young of the year (0+) school sharks (*G. galeus*; *n* = 10, 45.8 ± 8.9 cm) and 1+ gummy sharks (*M. antarcticus*; *n* = 8, 52.7 ± 18.4 cm) were captured via long-line in two shallow inshore regions, the Pittwater Estuary and Frederick Henry Bay (42.79°S, 147.54°E) outside Hobart, Tasmania, Australia in March 2014. Sharks were immediately transported in aerated seawater to the Institute for Marine and Antarctic Studies in Hobart. Animals were held in large (2 m × 2 m × 1 m) outdoor seawater tanks (34 ppt, \~17°C) for 7 days prior to experimentation. Upon arrival at the laboratory, sharks were fitted with fin tags to allow for individual identification. Water temperature and nitrates were monitored daily. Fish were fed frozen squid every other day, but were fasted for 24 h prior to experimentation. All experiments were approved by the University of Tasmania Animal Ethics Committee, permit number A13796.

Experimental protocol {#cow036s2b}
---------------------

The hyposaline exposure at 25.8 ppt (\~75% seawater), mimicked the natural rainfall events that are observed in these estuaries (Marine Culture Pty. Ltd). A \~0.7 ml blood sample was taken at time (*t*) = 0 h, and the salinity of the tank was then immediately dropped from 34.3 ppt (100% seawater) to 25.8 ppt (75% seawater) over 3 h (averaging 2.8 ppt h^−1^ decrease) by dilution with fresh water. These hyposmotic conditions were maintained for 48 h, after which time salinity was returned to 100% seawater and sharks were allowed to recover for 24 h. To account for any influence of repeated sampling, we conducted a control repeated sampling experiment on a separate group of sharks prior to the hyposmotic experiment. In the control experiment, the sharks remained freely swimming at 34 ppt (ambient seawater conditions) for 72 h and blood samples were taken at the matching time intervals for the hyposmotic experiment (see below). We did not observe significant effects of time or sampling; thus, control data are not presented here. These control animals were also used in a companion study ([@cow036C40]).

Blood and tissue sampling {#cow036s2c}
-------------------------

Whole blood samples were collected at *t* = 0 h (control, immediately before initiation of salinity drop; school sharks *n* = 10; gummy sharks *n* = 8), *t* = 3 h (upon completion of the salinity drop to 70% seawater; school sharks *n* = 10; gummy sharks *n* = 8), *t* = 27 h (school sharks *n* = 8; gummy sharks *n* = 7), *t* = 48 h (school sharks *n* = 8; gummy sharks *n* = 7) and *t* = 72 h (recovery, 100% seawater; school sharks *n* = 4; gummy sharks *n* = 2) via caudal puncture in restrained animals, a procedure completed in \<2 min. Tissues (gill and white muscle) were collected from the control group (school sharks *n* = 3; gummy sharks *n* = 5) and at *t* = 48 h (school sharks *n* = 4; gummy sharks *n* = 3) and *t* = 72 h (school sharks *n* = 4; gummy sharks *n* = 2) from the experimental group. Sharks were terminally sampled after pithing the brain and transecting the spinal cord. Samples were excised, flash frozen in liquid nitrogen and stored at −80°C for subsequent analysis. As this was a field study on wild fish, one of which is listed as 'conservation dependent' by the Australian Environmental Protection and Biodiversity Conservation Act, we have uneven sample sizes and a lower replication compared with a laboratory-based study.

Haematological analysis {#cow036s2d}
-----------------------

Haematocrit was measured in duplicate with a portable field haematocrit centrifuge (Haematokrit 210 centrifuge; Hettich Zentrifugen, Tuttlingen, Germany). Haemoglobin was measured using a HemoCue^®^ Hb 201^+^ system (Hemocue, Ängelholm, Sweden) and corrected for fish blood according to [@cow036C5]). Whole blood glucose and lactate were measured using a OneTouch Ultra glucometer (LifeScan, Milpitas, CA, USA) and a Lactate Pro^TM^ hand-held lactate meter (Arkray Global Business, Inc., Kyoto, Japan), respectively, both of which have been used previously in elasmobranchs and have been validated in school ([@cow036C1]) and mako shark whole blood ([@cow036C13]). The remaining whole blood was then centrifuged at 13 000 rpm (17 949***g***) for 4 min to separate plasma and red blood cells (RBCs). Plasma was carefully removed and transferred to a new cryovial; the buffy coat was discarded, and both the plasma and the remaining RBCs were flash frozen in liquid N~2~ and then stored at −80°C for later analyses.

Plasma osmolality and ions {#cow036s2e}
--------------------------

The osmolalities (in milliosmoles per kilogram) of school and gummy shark plasma, as well as tank water, were measured using a Wescor Vapro 5520 Vapour Pressure Osmometer (Wescor Inc, Logan, UT, USA). Plasma \[Na^+^\] and \[K^+^\] (millimolar) and were measured for both species using the SpectrAA 220 Atomic Absorption Spectrometer (AAS) and its accompanying software, SpectraAA 220, version 3.10 (Varian, Mulgrave, Victoria, Australia), and plasma \[Cl^−^\] (in millimoles per litre) was measured using a M925S Chloride Analyzer (Nelson Jameson Inc., Marshfield, WI, USA) according to the manufacturer\'s instructions.

Protein analyses {#cow036s2f}
----------------

Soluble protein was extracted from frozen gill and white muscle tissue of both school sharks and gummy sharks as described by [@cow036C52]. School and gummy shark RBC protein was extracted according to [@cow036C40]. Both RBC and tissue protein concentrations were determined using a BioRad DC Protein Assay Kit. The absorbance of samples and bovine serum albumin (BSA; Sigma Aldrich) standards was read in Greiner clear-bottomed 96-well plates at 750 nm using an M5 SpectraMax plate reader and SoftMax Pro software (Molecular Devices, Sunnyvale, CA, USA).

Heat-shock proteins {#cow036s2g}
-------------------

The concentrations of HSP70 and HSP90 (in nanograms per microgram of total protein) were determined using immunoblotting. Samples were prepared according to [@cow036C40]) and compared with a commercially available standard (recombinant rat HSP70/72, SPP 758; human native HSP90, SPP770; Enzo Life Sciences) to quantify the specific HSP in each sample. For the primary antibody rabbit anti-HSP70/HSC70 (1:5000 dilution of AS05-083A; Agrisera), we used a horseradish peroxidase-tagged goat anti-rabbit secondary antibody to visualize at 1:10 000 dilution (SAB-300; Enzo Life Sciences). For the HSP90 primary antibody (mouse anti-Hsp90; 1:2500 dilution of SMC-107; StressMarq Biosciences Inc.), we used a horseradish peroxidase-tagged goat anti-mouse secondary antibody at 1:5000 dilution (ab5870; Abcam), Cambridge, UK. Protein bands were visualized in Lumigen ECL Ultra (TMA-6) reagents (Southfield, MI, USA) and imaged using a Molecular Imager VersaDoc™MP 400 System (BioRad, Berkley, CA, USA) and Quantity One 1-D Analysis software. Image Lab^®^ software (BioRad) was used for quantifying the band density in each sample.

Ubiquitin {#cow036s2h}
---------

As an indirect measure of protein damage, ubiquitin levels were measured in RBCs, gill and white muscle using dot blots. Soluble protein (0.5 μg per sample) was blotted onto a nitrocellulose membrane (BioRad), as well as 0.2 μg of ubiquitin standard for relative quantification (catalogue no. sc-111402; Santa Cruz Biotechnology, Dallas, TX, USA). The mouse primary antibody used (1:2500 dilution in 5% BSA/tris-buffered saline with Tween-20; TBS-T) probed only for polyubiquitinylated proteins and not monoubiquitinylated proteins or free ubiquitin (BML-PW8805-0500; Enzo Life Sciences, Farmingdale, NY, USA). The secondary antibody (1:20 000 dilution in 5% BSA/TBS-T) was a goat anti-mouse IgM (ab97230; Abcam, Cambridge, UK). Blots were visualized as for HSPs, and the ubiquitin content was quantified relative to the standard run on each blot.

Osmolytes {#cow036s2i}
---------

Plasma, gill and white muscle urea concentration (in millimoles per litre) were analysed on perchloric acid-extracted samples using the method of [@cow036C55] in quartz cuvettes using a Spectronic Unicam UV1 (Thermo Fisher Scientific, Waltham, MA, USA). Plasma, gill and white muscle TMAO concentrations were determined with liquid chromatography--mass spectrometry (LC-MS) as described by [@cow036C40].

Na^+^/K^+^-ATPase activity {#cow036s2j}
--------------------------

The activity of the ion symporter Na^+^/K^+^-ATPase (NKA) was measured as described by [@cow036C53] with modifications described by [@cow036C27]. This assay assessed any changes in gill NKA function during hyposmotic stress. The soluble protein concentration was determined for each aliquot of gill homogenate, as above.

Oxygen consumption {#cow036s2k}
------------------

Routine metabolic rate was measured in separate groups of school sharks (\~450 g) and gummy sharks (\~750 g) in control and hyposmotic environments in a similar manner to [@cow036C40] using a Fibox O~2~ probe (PreSens Fibox). The average of two slopes of oxygen depletion over time was used to calculate routine O~2~ consumption, taking into account the background O~2~ consumption rate (measured as oxygen depletion in the empty respirometer), the volume of the chamber, shark mass, temperature and daily barometric pressures.

Statistical analyses {#cow036s2l}
--------------------

All statistical analyses were performed using R Studio (version 3.2.1). An α-critical level of 0.05 was used for every test when determining significance. Data generated from repeated sampling (metabolic rate, RBCs and plasma) were analysed using linear mixed models to determine the effect of time (continuous variable for blood data, categorical variable for tissue data) and species and their interaction on all dependent variables. Data and generated residuals were assessed visually for homogeneity of variance and normality. Tukey\'s *post hoc* test was used to determine where means differed from one another. For tissue data analysis, a two-way fixed-factor (time and species) analysis of variance was performed. Normality (Shapiro--Wilk test) and homogeneity of variance (Levene\'s test) were assessed for each parameter and the appropriate transformation (log or sqrt) was applied when necessary. As above, Tukey\'s *post hoc* tests were used to determine which time points differed from each other. Our sample size for the recovery time period did not allow for statistical analysis; however, we have kept the recovery data available in the figures/tables for reader interpretation.

Results {#cow036s3}
=======

Osmoconformation {#cow036s3a}
----------------

Hyposmotic conditions resulted in a significant interaction with species and time for plasma osmolality (*P* \< 0.0001), and when we split the data by species there was a significant decrease in plasma osmolality for both species over 27 h (Table [1](#cow036TB1){ref-type="table"}; school \~26%, *P* \< 0.01; gummy \~22%, *P* \< 0.01). Plasma osmolality remained significantly lower than control values by the 48 h time point for both gummy and school sharks (Table [1](#cow036TB1){ref-type="table"}). Table 1:Plasma osmolality (in milliosmoles per kilogram) and ion concentrations (in millimoles per litre) in school sharks (*Galeorhinus galeus*) and gummy sharks (*Mustelus antarcticus*) before (0 h) and after exposure to 75% seawaterTimeSpeciesDependent variable0 h3 h27 h48 hRecoverySchool sharkOsmolality\*968 ± 6.63 (10)^a^864 ± 9.32 (10)^b^735 ± 15.6 (8)^c^792 ± 4.75 (9)^d^935 ± 12.6 (3)\[Na^+^\]328 ± 8.47 (10)^a^292 ± 8.36 (10)^b^261 ± 6.62 (8)^c^277 ± 8.04 (9)^bc^293 ± 26.7 (4)\[Cl^−^\]\*246 ± 6.63 (10)^a^226 ± 1.72 (10)^b^208 ± 2.09 (7)^c^217 ± 3.26 (9)^bc^246 ± 17.5 (3)\[K^+^\]4.55 ± 0.09 (10)^a^4.42 ± 0.21 (10)^a^4.44 ± 0.26 (8)^a^4.91 ± 0.14 (9)^a^5.91 ± 0.35 (4)Gummy sharkOsmolality\*994 ± 3.96 (8)^a^826 ± 13.3 (8)^b^785 ± 3.25 (7)^c^765 ± 5.89 (5)^c^898 ± 6.84 (2)\[Na^+^\]345 ± 4.51 (8)^a^282 ± 6.82 (8)^b^260 ± 12.9 (7)^c^263 ± 7.14 (5)^bc^258 ± 5.21 (2)\[Cl^−^\]\*253 ± 3.57 (8)^a^210 ± 1.7b (8)^b^201 ± 3.72 (7)^b^205 ± 4.41 (5)^b^244 ± 1.00 (2)\[K^+^\]4.55 ± 0.18 (8)^a^4.14 ± 0.14 (8)^a^4.45 ± 0.50 (7)^a^4.42 ± 0.46 (5)^a^4.73 ± 0.40 (2)[^2]

Plasma sodium concentration of both species decreased by 23% in hyposmotic conditions (Table [1](#cow036TB1){ref-type="table"}; 0 vs. 27 h, *P* \< 0.0001) and did not change after 48 h (0 vs. 48 h, *P* \< 0.0001). Gummy and school sharks had different responses to hyposalinity in plasma chloride (*P* = 0.053); however, overall both species showed significant decreases in \[Cl^−^\] with low-saline exposure (Table [1](#cow036TB1){ref-type="table"}; *P* \< 0.001). Hyposmotic conditions did not affect plasma potassium in either species (Table [1](#cow036TB1){ref-type="table"}; *P* = 0.15), with no difference between species (*P* = 0.41).

We measured the activity of gill NKA activity as a proxy for gill function during hyposmotic exposure. Na^+^/K^+^-ATPase activity was not affected by the 75% seawater treatment in either species (Fig. [1](#cow036F1){ref-type="fig"}; *P* = 0.178); however, school sharks had consistently higher NKA activity throughout the experiment (*P* \< 0.0001). Figure 1:Na^+^/K^+^-ATPase (NKA) activity (in micromoles per milligram of protein per hour; mean values + SEM) in the gill tissue of school sharks (*Galeorhinus galeus*) and gummy sharks (*Mustelus antarcticus*). Asterisks indicate a statistically significant difference between species (*P* \< 0.05; see Materials and methods for species replication numbers). Recovery (R) data are not included in the statistical analyses.

The 75% seawater resulted in significant decreases in plasma urea concentration over time (\~28% overall decrease, *P* \< 0.001; Fig. [2](#cow036F2){ref-type="fig"}A) in both species. White muscle urea concentration also decreased by 29% in both species after 48 h in 75% seawater (Fig. [2](#cow036F2){ref-type="fig"}B; control vs. 48 h, *P* = 0.0133). Unlike plasma and white muscle urea, gill urea did not change over time (data not shown; *P* = 0.53) and was not different between species (*P* = 0.07). At the control time point, gill urea concentration in the school shark was 222 ± 35.5 mmol l^−1^, and in the gummy shark it was 303 ± 56.0 mmol l^−1^. Figure 2:Urea concentration (in millimoles per litre; mean values ± SEM) in the plasma (**A**) and white muscle (**B**) of school sharks (*G. galeus*) and gummy sharks (*M. antarcticus*) following exposure to 75% seawater. Different letters indicate statistically significant differences over time (*P* \< 0.05; see Materials and methods for species replication numbers). Asterisks indicate a statistically significant effect of species (*P* \< 0.05). Recovery (R) data are not included in the statistical analyses.

There was an overall decrease in plasma TMAO over time (*P* = 0.0127), and no differences between species (*P* = 0.29). Plasma TMAO concentration decreased significantly (\~13%) during the hyposmotic exposure in both species (Fig. [3](#cow036F3){ref-type="fig"}A; 0 vs. 48 h, *P* = 0.00589). In contrast, there was no change in gill or white muscle TMAO concentration over time in either species, with no significant differences between species, during a hyposmotic exposure (see Fig. [3](#cow036F3){ref-type="fig"}B, species, *P* = 0.61 and time, *P* = 0.089; and Fig. [3](#cow036F3){ref-type="fig"}C, species, *P* = 0.54 and time, *P* = 0.19). Figure 3:Trimethylamine *N*-oxide (TMAO) concentration (in millimoles per litre; mean values ± SEM) in plasma (**A**), gill (**B**) and white muscle (**C**) in school sharks (*G. galeus*) and gummy sharks (*M. antarcticus*) following exposure to 75% seawater. Different letters indicate statistically significant differences over time (*P* \< 0.05; see Materials and methods for species replication numbers). Recovery (R) data are not included in the statistical analyses.

Haematology {#cow036s3b}
-----------

In sharks exposed to 75% seawater, there was a significant interaction with species and time for haemoglobin concentrations (Table [2](#cow036TB2){ref-type="table"}; *P* = 0.015). In school sharks, haemoglobin and haematocrit both declined by \~25% after 3 h in 75% seawater (*P* \< 0.001). However, haemoglobin decreased a further 20% after 27 h (*P* \< 0.001), whereas haematocrit did not. The haematological response of gummy sharks to 75% seawater was similar to that of school sharks; haemoglobin was 35% lower than the control value after the 3 h (*P* \< 0.001), and a further 25% lower after 27 h, whereas haematocrit decreased by 35% after 3 h (*P* \< 0.001) but did not change thereafter. The differential response of haemoglobin and haematocrit caused a significant decrease in the mean cell haemoglobin concentration (MCHC) after 27 h in both species (*P* \< 0.001). Table 2:Haemoglobin (in grams per litre), haematocrit (as a percentage), mean cell haemoglobin concentration (MCHC; in grams per litre) and whole blood glucose (in millimoles per litre) over time in school sharks (*G. galeus*) and gummy sharks (*M. antarcticus*) exposed to hyposaline conditionsParameterSpeciesTime (h)*t* = 0 (control)*t* = 3*t* = 27*t* = 48*t* = 72 (recovery)Haemoglobin\*School28.1 ± 2.8 (10)^a^21.1 ± 3.0 (10)^bd^17.0 ± 2.2 (9)^c^17.4 ± 2.0 (9)^cd^33.6 ± 5.6 (4)Gummy31.6 ± 3.2 (8)^a^20.3 ± 3.2 (8)^b^15.2 ± 1.9 (7)^c^15.5 ± 2.4 (5)^c^16.5 ± 1.6 (2)HaematocritSchool16.7 ± 1.4 (10)^a^12.9 ± 1.4 (10)^b^11.3 ± 0.8 (9)^b^11.4 ± 0.9 (9)^b^22.5 ± 3.5 (4)Gummy19.3 ± 1.8 (8)^a^12.7 ± 1.6 (8)^b^13.0 ± 1.2 (7)^b^12.4 ± 1.7 (5)^b^15.0 ± 1.0 (2)MCHC\*School165 ± 17.4 (10)^a^150 ± 20.5 (9)^ab^141 ± 36.9 (9)^b^148 ± 33.8 (9)^ab^149 ± 8.9 (4)Gummy163 ± 11.0 (8)^a^155 ± 25.9 (8)^a^129 ± 16.0 (7)^b^125 ± 10.2 (5)^b^110 ± 4.9 (2)Whole blood glucose\*School8.62 ± 0.26 (10)^a^8.07 ± 0.24 (8)^a^3.84 ± 0.35 (9)^b^4.98 ± 0.59 (9)^b^5.78 ± 0.42 (4)Gummy8.85 ± 0.74 (8)^a^5.25 ± 0.48 (8)^b^3.89 ± 0.27 (8)^b^3.40 ± 0.35 (8)^b^3.45 ± 0.65 (2)[^3]

We observed a significant interaction with species and time in whole blood glucose in sharks exposed to 75% seawater (Table [2](#cow036TB2){ref-type="table"}; *P* = 0.0025). In gummy sharks, we observed a dramatic decrease in the first 3 h, with blood glucose decreasing by 41% (*P* \< 0.001), after which time no further decrease occurred. School sharks experienced a similar decrease in blood glucose (\~45%), but this was delayed compared with the gummy sharks and not observed until 27 h into the seawater exposure (*P* \< 0.001).

Heat-shock proteins and ubiquitin {#cow036s3c}
---------------------------------

We also measured several HSPs in RBCs, gill and white muscle following hyposmotic exposure, for indications of a cellular stress response. The RBC HSP70 increased by 81% after 48 h of hyposmotic treatment in school sharks only (Fig. [4](#cow036F4){ref-type="fig"}A; 0 vs. 48 h, *P* \< 0.001). In contrast, the RBC HSP70 did not change in gummy sharks over the course of the experiment (Fig. [4](#cow036F4){ref-type="fig"}A). There was no change in gill HSP70 during hyposmotic conditions in either species (*P* = 0.156), but it is noteworthy that gill HSP70 concentrations were consistently higher in gummy sharks compared with school sharks (Fig. [4](#cow036F4){ref-type="fig"}B; *P* \< 0.0001). We observed significant differences in white muscle HSP70 between species (*P* \< 0.0001) and across time (*P* = 0.001). White muscle HSP70 significantly decreased in school sharks after 48 h of hyposmotic exposure (Fig. [4](#cow036F4){ref-type="fig"}C); however, there was a significant induction of white muscle HSP70 in gummy sharks (Fig. [4](#cow036F4){ref-type="fig"}C). White muscle HSP70 was significantly higher in school sharks over the course of the experiment. Figure 4:Heat-shock protein 70 (HSP70; in nanagrams of HSP70 per microgram of total protein; mean values ± SEM) in school shark (*G. galeus*) and gummy shark (*M. antarcticus*) red blood cells (RBCs; **A**), gill (**B**) and white muscle (**C**) following exposure to 75% seawater. Different letters indicate statistically significant differences over time. Asterisk indicates significant effect of species (*P* \< 0.05; see Materials and methods for species replication numbers). Recovery data are not included in the statistical analyses.

Heat shock protein 90 was measured in white muscle and gill tissue and did not change in gummy sharks with hyposmotic exposure (Fig. [5](#cow036F5){ref-type="fig"}). Similar to HSP70, white muscle HSP90 was significantly higher in school sharks than in gummy sharks (*P* = 0.025; Fig. [5](#cow036F5){ref-type="fig"}B). There was a significant decrease in school shark HSP90 in the gill (*P* = 0.01; Fig. [5](#cow036F5){ref-type="fig"}A), but not in the white muscle. Figure 5:Heat-shock protein 90 (HSP90; in nanograms of HSP90 per microgram of total protein; mean values ± SEM) in school shark (*G. galeus*) and gummy shark (*M. antarcticus*) gill (**A**) and white muscle (**B**) following exposure to 75% seawater. Different letters indicate statistically significant differences over time. Asterisk indicates significant difference between species (*P* \< 0.05; see Materials and methods for species replication numbers). Recovery (R) data are not included in the statistical analyses.

Ubiquitin, an indirect indicator of protein damage, did not significantly change with hyposmotic exposure in RBCs (*P* = 0.065), but was maintained at higher levels in school shark RBCs throughout the experiment compared with gummy sharks (*P* = 0.002; Fig. [6](#cow036F6){ref-type="fig"}A). As was the case for RBCs, neither gill nor white muscle ubiquitin levels changed with hyposmotic exposure in either species (gill, *P* = 0.331; white muscle, *P* = 0.219). However, school sharks had significantly higher levels of ubiquitin in their white muscle compared with gummy sharks (*P* = 0.033; Fig. [6](#cow036F6){ref-type="fig"}C). Figure 6:Relative ubiquitin levels (mean values ± SEM) in school shark (*G. galeus*) and gummy shark (*M. antarcticus*) red blood cells (RBCs; **A**), gill (**B**) and white muscle (**C**) following exposure to 75% seawater. Asterisk indicates significant effect of species (*P* \< 0.05; see Materials and methods for species replication numbers). Recovery (R) data are not included in the statistical analyses.

Oxygen consumption {#cow036s3d}
------------------

Hyposmotic exposure significantly depressed routine oxygen consumption in both school sharks (\~15% decrease) and gummy sharks (\~25% decrease; *P* = 0.0009; Fig. [7](#cow036F7){ref-type="fig"}), with no evidence of recovery in either species. There was a significant difference between species (*P* = 0.013), with gummy shark oxygen consumption being higher than that of school sharks, particularly at *t* = 0 (Fig. [7](#cow036F7){ref-type="fig"}). Figure 7:Routine oxygen consumption (MO~2~; in milligrams of O~2~ per kilogram per hour; mean values ± SEM) in school sharks (*G. galeus*) and gummy sharks (*M. antarcticus*) following exposure to 75% seawater. Different letters indicate statistically significant differences over time. Asterisk indicates significant effect of species (*P* \< 0.05; school sharks, *n* = 6; gummy sharks, *n* = 5).

Discussion {#cow036s4}
==========

The frequency and severity of extreme rainfall events in Tasmania is predicted to increase during the next century ([@cow036C46]), potentially resulting in more extreme or longer-duration hyposmotic events in coastal estuarine areas. To investigate the effects of hyposalinity on young of the year sharks residing in a nursery, we exposed two species to environmentally relevant hyposmotic (25.8 ppt) conditions for 48 h. We expected to see physiological changes in both species, and our hypothesis was largely supported in that we found that both species showed a similar decrease in aerobic metabolism, MCHC and plasma sodium, glucose and urea concentrations over the 48 h hyposmotic exposure. Interestingly, we found a divergent species response in molecular chaperones after 75% seawater exposure although there was no evidence of protein damage in either species as indicated by stable ubiquitin levels and NKA activity. Our data suggest that both species can physiologically cope with this level of hyposalinity, at least in the short term.

Exposure to acute hyposmotic conditions resulted in the expected significant decrease in plasma osmolality after the first 3 h, and again after 24 h in both species (Table [1](#cow036TB1){ref-type="table"}). Decreases in elasmobranch plasma osmolality come about primarily through the loss of urea and ions, namely Na^+^ and Cl^−^, as well as the passive influx of water molecules as a result of a salinity decrease ([@cow036C18]). [@cow036C10] found that a 48 h exposure of leopard sharks (*Triakis semifasciata*) to 60% seawater (20.4 ppt) led to a decrease in plasma osmotic concentration, mainly through selective loss of urea and NaCl. We observed a similar pattern in both species; a significant decrease in sodium, chloride and urea over the first 24 h by approximately 20--25%, which could be a selective loss for ion regulation, although we cannot rule out the possibility that water influx may also contribute to this decline. Likewise, the counteracting osmolyte and chemical chaperone, TMAO, also decreased significantly in the plasma of both species after 48 h of hyposmotic exposure.

The elasmobranch gill has an important role in osmoconformation, as it is a major site of ionoregulation ([@cow036C49]). There is much evidence to support a prominent role for the gill in the maintenance of plasma ion concentrations, as the removal of the salt-secreting rectal gland does not cause any changes in Na^+^ and Cl^−^ concentrations ([@cow036C11]; [@cow036C47]; [@cow036C49]; [@cow036C9]). In contrast, there have been few studies that have investigated the urea concentration in the gills of elasmobranchs. Two studies on dogfish sharks (*S. acanthias*) yielded similar results of \~400 mmol urea (kg wet tissue)^−1^, and there was no effect of hyposmotic exposure on gill urea in *S. acanthias* ([@cow036C48]; [@cow036C27]). In the present study, we found slightly lower concentrations of gill urea in both species \[school control, 221 ± 35.2 mmol (kg wet tissue)^−1^; gummy control, 302 ± 56.1 mmol (kg wet tissue)^−1^\] compared with those reported in dogfish. but a similar lack of effect on urea concentration during the hyposmotic exposure. The lack of decreases in gill urea with lowered salinity may be attributable to a lack of urea permeability in the gills ([@cow036C30]; [@cow036C28]). However, it should be noted that the mechanism for urea retention in elasmobranch gills is not well understood ([@cow036C48]). Gill TMAO also did not change significantly in either species during the hyposaline exposure, indicating that the TMAO concentrations are defended, at least in the gill. Na^+^/K^+^-ATPase activity in the gill remained constant throughout the exposure in both species, suggesting no net increases in Na^+^ uptake across the gills, consistent with other studies in brown-banded bamboo sharks ([@cow036C7]) and leopard sharks ([@cow036C10]). Interestingly, gummy shark gill NKA activity was \~50% that of the school sharks, which could potentially limit their ability to cope with more extreme salinity challenges (i.e. \<25 ppt), where active Na^+^ uptake may be required.

In contrast to the gill, the white muscle urea concentration of both species decreased significantly during the hyposmotic exposure. The urea concentration dropped by 27% in school sharks and 30% in gummy sharks. These results are consistent with the findings of [@cow036C36], who found a 30% decrease in the muscle urea concentration of the little skate (*Raja erinacea*) following exposure to dilute seawater, after which the urea concentration returned to control values during a recovery period ([@cow036C36]). Our limited recovery data show a similar trend in muscle urea; thus, it is possible that urea plays a key role in muscle osmoconformation in the gummy and school sharks. As was the case in the gill, the TMAO concentration was defended in the white muscle, and furthermore, the ratio of urea to TMAO was maintained at 2:1 ([@cow036C50]) throughout the exposure in both species.

This maintenance of tissue urea-to-TMAO ratios during hyposaline conditions may prevent cellular/protein damage and remove the signal for HSP induction. We measured HSP (HSP70 and HSP90) levels in RBCs, gill and white muscle and observed significant differences between species in HSP levels with 75% seawater exposure. School sharks induced HSP70 in RBCs but not in the gill or white muscle, although there were high constitutive levels in these tissues over the course of the experiment. Gummy sharks, in contrast, did not induce HSP70 in RBCs or gills, but we observed a modest induction in white muscle. Taken together, hyposmotic exposure resulted in a tissue- and species-specific cellular stress response and, at least for gill and white muscle, where we have urea-to-TMAO ratios, HSP induction appears to be independent of TMAO and urea concentrations (see next paragraph). Dogfish (*S. acanthias*) exposed to similar low-saline conditions also induced HSP70 but in the gills only, with a concomitant increase in ubiquitin levels ([@cow036C27]), the latter being an indirect indication of protein damage. The conclusion from the dogfish study was that hyposmotic exposure caused protein damage at the gill, resulting in HSP70 induction, thus preserving gill function. In the school and gummy sharks of our study, in contrast, ubiquitin levels remained constant throughout the exposure in both species, regardless of HSP induction. The lack of correlation with ubiquitin levels and HSPs could mean: (i) no damage has occurred with hyposmotic exposure; (ii) the ubiquitin assay, which is also reflective of normal protein turnover ([@cow036C22]), is not sensitive enough to detect damage; or (iii) both constitutive and inducible HSP levels are adequate to prevent any damage. Regardless, we did observe species differences in the HSP70 response, and overall, the school sharks appear to mount a greater cellular stress response than the gummy sharks. A cellular stress response, at least in RBCs, may be an adaptive mechanism for life in the estuary, especially given that these species differences in HSPs were not reflected in our physiological measures. Such a stress response is reminiscent of intertidal snails (genus *Tegula*), with those living high on the intertidal zone and subject to more environmental variation having a greater magnitude heat shock response than species living lower on the intertidal zone ([@cow036C38]).

TMAO serves as a protective chemical chaperone ([@cow036C45]), in addition to its role as an osmolyte, and there is evidence in elasmobranchs that it has a reciprocal role with molecular chaperones, such as HSPs, to maintain cellular protein stability/function during times of stress ([@cow036C42]; [@cow036C24]; [@cow036C27]). If TMAO is lost as the animal attempts to osmoconform to a new lower salinity, HSPs may be more likely to be induced to take over the chaperone function. However, we found no evidence of chaperone reciprocity in these two species during a hyposmotic exposure. Nonetheless, it is important to note that TMAO concentrations were largely maintained (exception in plasma) with our hyposmotic exposure in both species. TMAO concentration, together with constitutive and induced HSPs and lack of obvious damage, suggest that both species are able to cope with the present level of hyposmotic stress, and potentially, able to cope with longer or more intense hyposmotic events.

Hyposmotic exposure had a significant effect on oxygen transport and aerobic metabolism in both species. After 3 h in 75% seawater, we observed significant changes in the blood in both sharks. Haematocrit and haemoglobin both decreased by \~40% after 48 h in 75% seawater, a common response in marine elasmobranchs faced with lower salinity ([@cow036C15]; [@cow036C4]; [@cow036C6]; [@cow036C7]). However, the slight differences in the absolute decrease of haemoglobin compared with haematocrit resulted in a significant decrease in MCHC in both species. A decrease in MCHC would decrease the ability to transport oxygen and potentially affect aerobic metabolism. Indeed, we found a significant decline in routine oxygen consumption in both species (gummy sharks, −25%; school sharks, −15%) after 24 h in 75% seawater. [@cow036C18] also found a decrease in oxygen consumption after 24 h of hyposmotic conditions in *S. acanthias*. A loss of plasma osmolytes (e.g. NaCl, urea and TMAO) can also alter the oxygen-carrying capacity and binding affinity of haemoglobin, further reducing oxygen transport and consumption. A loss of urea can alter ATP binding to haemoglobin, thereby reducing the haemoglobin--O~2~ affinity in dogfish ([@cow036C43]; [@cow036C44]), and a similar effect of low urea on haemoglobin--O~2~ affinity was also observed in Port Jackson sharks at 75 and 50% seawater ([@cow036C6]). Thus, it is possible that low plasma osmolality/urea may lower haemoglobin--O~2~, ultimately lowering the rate of oxygen consumption in school and gummy sharks. It is also possible that these species are reducing gill perfusion to restrict ion loss, which in turn decreases oxygen uptake; the so-called osmorespiratory compromise ([@cow036C31]; [@cow036C16]; [@cow036C32]). This is well documented in teleost fish, but has yet to be tested in elasmobranchs. We also observed a significant decline in whole blood glucose with hyposaline challenge after 3 h in gummy sharks and after 24 h in school sharks. It is not clear from the data whether glucose is decreasing from a plasma dilution or whether it is being taken up by the tissues as a substrate for energy production via glycolysis in the face of decreased aerobic metabolism.

After 24 h recovery in 100% seawater, oxygen consumption did not return to control values in either species. Interestingly, school shark haemoglobin and haematocrit values from our limited recovery samples appear to be higher than the control values, but this had no effect on oxygen consumption. Future research should investigate recovery times in these species, as a loss of metabolic capacity would restrict growth, movement, reproduction, etc. If the frequency/duration of hyposmotic events increases as predicted, and recovery times are long, this may restrict the use of the estuarine environment.

The variation in physiological responses we observed between the school and gummy sharks may help to predict their distribution and ability to use estuaries with fluctuating salinity ([@cow036C20]; [@cow036C19]; [@cow036C41]; [@cow036C51]). It is possible that school sharks are hardwired to respond to environmental variation with a robust cellular stress response. Stress-related short-term changes in gene expression (e.g. induction of *hsp* genes) are correlated with the long-term modification of gene expression ([@cow036C26]), suggesting that HSP70 induction and higher constitutive levels of HSPs in the white muscle of school sharks may be an evolutionary adaptation that allows them to cope with the environmental variability they encounter in estuaries ([@cow036C38], [@cow036C39]). The higher gill NKA activity relative to gummy sharks may also better equip school sharks to respond to salinity change; a promising possibility for a species that is listed as 'conservation dependent'. In contrast, the higher magnitude of HSP70 induction in school sharks could be indicative of a more severe stress response or a protective mechanism; however, there do not appear to be any major physiological ramifications to this enhanced cellular stress response.

Understanding physiological limits to fluctuating salinity and the underlying mechanisms, particularly in juvenile sharks, will be important for their conservation. Our data suggest that if extreme rainfall events become more frequent or occur over a longer duration, these species may be restricted from using the estuarine environment, putting them at greater risk for predation. There is already emerging evidence that gummy sharks are not found as frequently as school sharks in the Pittwater Estuary, particularly when there are heavy rainfall events. Specifically, acoustic monitoring of electronically tagged school and gummy sharks indicates that school sharks primarily stay in the Pittwater Estuary during the wet summer months, whereas gummy sharks more frequently move out into the adjoining Frederick Henry Bay (Jaime D. McAllister, Adam Barnett, Kátya Abrantes and Jayson M. Semmens, unpublished observations) where salinity is more stable (mean 33.9 ± 0.2‰ from 1991 to 1994; [@cow036C8]). Natural changes in the salinity of shark nurseries are intrinsically linked with changes in temperature, and it would be worth examining the stress response and coping mechanisms of these shark species to a combination of osmotic and thermal stress ([@cow036C29]; [@cow036C17]; [@cow036C21]; [@cow036C23]).
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